Abstract-A new small-sized autonomous surface vehicle actuated by a water-jet has been developed at INESC TEC for search and rescue of victims at sea. This paper describes the vehicle main components and presents the control and guidance laws governing the motion and enabling it to perform line-following and target tracking missions. Results from field trials are presented, demonstrating the capabilities and the performances of the vehicle along with its control layer.
I. INTRODUCTION
Autonomous marine robots are gaining importance in several coastal and offshore applications. Sound examples include persistent surveillance, environmental data harvesting, search and rescue. This latter is the main focus of the FP7 European project integrated components for assisted rescue and unmanned search operations (ICARUS), which involves institutions from ten countries. Among many other contributions, INESC TEC contributed with the development of an unmanned surface vehicle -unmanned capsule (UCAP) - (Fig. 1) for rescuing victims at sea. For the search and rescue operations considered in the ICARUS project, the UCAP is intended to be small and lightweight. This vehicle should be capable to navigate at sea and and to carry a life raft.
In a typical mission, the UCAP should be capable to navigate according to assigned tasks, which include waypointbased navigation or target-tracking. This paper describes the system and presents a control approach for this nonholonomic vehicle. The results obtained during field experiments are also be presented.
Related work
Related projects have proposed robotic tools for search and rescue at sea. Sound examples include AGAPAS (Autonomous Galileo-Supported Rescue Vessel for Persons Overboard) and EMILY (EMergency Integrated Lifesaving lanYard). The AGAPAS is a project orientated specifically to person overboard situations, where an automatic system perceives that someone fell from the vessel and deploys a USV capable of fetching that person [1] . The EMILY is a remotely operated/autonomous vessel that aims to assist the lifeguards in crowded beaches, providing them a safe and fast response mean [2] .
II. SYSTEM REQUIREMENTS
The main requirements of the UCAP were established taking into account a typical rescue operation at sea. The vehicle should be capable of navigating for at least 20 min at a minimum velocity of 1 m s −1 , being also able to carry an inflatable life raft. The vehicle should represent little risks for humans during rescue operations, while being sufficiently robust to be deployed from other vessels and navigating in harsh conditions. Table I summarizes the main requirements for the UCAP. [3] , the remaining elementary components have been designed in a modular fashion. The basic set of electronics, energy storage and actuation were thought as separated modules, enabling easy replacement of these components and different combinations of power, computing devices or sensors.
A. Body
The vehicle's hull has 1.5 m of length and weights approximately 25 kg with no payload. The body was designed so that it represents minimal risk for potential victims at sea as it should be capable to reach clusters of human victims in disaster scenarios. Therefore, the vehicle was intended to be relatively lightweight. Simultaneously, the UCAP is also intended to be robust enough to be carried on and released from other surface vehicles at sea and to navigate in harsh conditions. The body is entirely made of fiberglass, containing two main volumes: a dry compartment at bow where the computational system and sensors, are placed in; and a wet deck intended to carry additional payload. This open volume is especially relevant in the context of the ICARUS project as it provides room for life rafts or life jackets.
B. Power
The UCAP is powered by a lithium polymer battery pack with a capacity of 220 W h, enabling rescue operations lasting up to one hour at 1m s −1 . A digital controller was developed to monitor the discharge of the batteries and to protect them against overcurrent. The controller is configurable and can be set according to the requirements of the application. High current (up to 40 A) and medium current (up to 10 A) connectors are provided to actuation and electronics, respectively. Additionally, it also includes a connector for battery charging and balancing and a USB connection for status feedback.
C. Electronics & communications
The minimal set of electronics includes a computer, a communication access point, voltage regulators, an inertial measurement unit (IMU) and a GPS receiver. The electronics module is composed of a central computer interfacing with sensors and actuators over standard serial communications. In order to meet supply requirements of the different components, the electronics module regulates battery voltage to three different levels. In its basic configuration, the UCAP electronics module include an IMU to feed the navigation algorithms with angles and angular velocity measurements and a GPS device providing absolute position and linear velocity.
A WiFi access point repeater at 2.4 GHz provides remote connection to the on-board computer A 6 dBi omni-directional antenna is used making this combination capable of providing a reliable link at several hundreds of meters.
D. Actuation
At the stern, a water-jet module, actuated by a brushless motor, generates thrust to drive the UCAP to a maximum speed of 2 m s −1 . This solution has been designed with the safety of victims in mind and also to facilitate launching from a mother vessel. The absence of harmful mechanisms such as unprotected rotating propellers makes it a suitable choice for rescue applications. The power delivered to the motor has been limited by software to approximately 450 W, enabling a bollard thrust up to 5 kg. A directional nozzle, whose angle is actuated by a servomotor, guides the jet to create a moment on the z-axis of the vehicle. Locally, a microprocessor monitors the performances and commands the brushless motor and the servomotor, according to the requests sent by the central computer, providing relevant measurements upstream, such as voltage and current consumption.
IV. CONTROL The control approach relies on an inner-outer loop controller designed for marine vehicle. This type of controller has already been applied to several robots [4] , [5] , with different thrust configuration, having performances demonstrated over tens of missions accomplished so far. The adaptation of the controller to the UCAP specific case will be detailed. In particular, the controller parametrizable nature will be explored and the actuation forces and moments will be modelled to build a new, specific controller for this vehicle.
At the guidance level, the UCAP will be able to perform line-following maneuvers defined by consecutive waypoints. Moreover, a target-tracking guidance law will be presented. This type of maneuver has already been applied to other surface vehicles with two decoupled degrees of freedom (DOFs) with positioning errors of approximately 20 cm. The challenge with the UCAP is that the DOFs cannot be decoupled as a rotation on the vertical axis requires forward thrust.
A. Dynamics
Define the vehicle's pose as
T is the vector of linear threedimensional position and η a (
t) = [φ(t) θ(t) ψ(t)]
T is the vector of roll, pitch and yaw angles.
A vehicle-fixed referential {B} was also considered, with regard to which the linear and angular velocities of the vehicle are expressed, as follows:
T is the vector of linear surge, sway and heave velocities and ν a (t) = [p(t) q(t) r(t)] is the vector of angular rolling, pitching and yawing velocities, respectively. In marine environments, drifts commonly resulting from winds and currents impact on the vehicle position. That is usually modelled by the inclusion of a drift velocity ν d (t), expressed in the earth-fixed frame {I} and we consider that it is irrotational, which means that its angular components are null.
The pose vector time derivative and the body-expressed velocity are related though the following expression: where J(η a (t)) is a mapping function between the frames {B} and {I}, which can be decomposed as follows:
For further details on these matrices, the reader is referred to [6] .
The dynamics of a vehicle can be generically described by the nonlinear differential equation
where M ∈ R 6×6 is the added mass and inertia matrix, the matrix A ∈ R 6×6 results from the hydrodynamic forces applied on the body of the vehicle when it is moving at a velocity ν. The term A(ν)ν constitute the effect of added mass, Coriolis, centriptal and viscous damping forces and moments. The vector g ∈ R 6 includes the effects of the restoring forces and moments, while T ∈ R 6×2 , with is a constant matrix that maps the forces and moments created by the actuators, whose actuation forces are given in the vector τ ∈ R 2 , in the body-fixed reference frame.
For the particular case of the UCAP, τ comes as a function of the nozzle direction Φ (see Fig. 2 ) and of the actual force exerted by the water-jet and is given by
T and is defined as
where r x is the x-coordinate of the point of force application of the water-jet, expressed in the body-fixed coordinate system.
B. Inner loop
Based on (3), consider the reduced order velocity vector ν(t) : R → R n , whose dynamics is given bẏ
where the reduced order matrices and vectors are given bȳ
ν(t) = P ν(t),
with P ∈ R n×6 being a projection matrix defined as follow:
This matrix maps the overall system in a smaller dimension subspace considering only the relevant DOFs, by selecting the corresponding rows and columns. Notice that the product P M −1 T has full rank. In order to find a suitable control law, define the desired velocity vector as ν * (t) ∈ R 2 and the velocity error vector as:
which one desire to reduce to zero. The reference vector ν * (t) is composed of the surge and yaw velocity components.
Hence, the control law is chosen as
This control law projects a desired virtual actuation τ . The actual inputs f and Φ are then computed as follows:
assuming that Φ and f vary instantaneously, which is a mild assumption considering that their dynamics is much faster than the vehicle dynamics. Note that f is always defined since the angle Φ is constrained to lie in an interval Φ ∈ [−Φ, Φ], Φ < π/2 due to mechanical constraints.
C. Outer loop
Line-following and target-tracking guidance laws are presented thereafter. These two guidance laws provide versatility to accomplish several types of missions composed of waypoints or trajectories defined by splines, for example.
From the control law in (5), one can assume that the velocity is controlled directly by setting ν
T , where u * and r * represent the desired surge and yaw velocities. 1) Line-following: For line-following maneuvers, surge can be set independently of the yaw rate. Usually surge is set strictly positive and constant while the angular velocity is given by
where the first term is meant to align the vehicle with the line heading ψ l , K L > 0 is constant gain and ξ(ψ l , η) is a function of the cross-track error which is given as
The function sat (·, ·) is a simple saturation function defined as follows
K c is a positive constant gain and e c is the cross track error: where
with [x l y l ] T being a point belonging to the line. T . The desired surge guidance law is chosen as a function of the distance to the target η * h :
with K d > 0. Note that δ has been introduced to avoid the vehicle center of mass to coincide with the reference because of the well-known singularity in robots of this type (analog to the unicycle-like problem). See [7] for the unicycle singularity problem. The desired yaw rate is chosen so that the vehicle points to the reference, obeying to the following guidance law
with K ψ > 0 being a gain constant. The angular error e ψ is computed as
V. EXPERIMENTAL RESULTS
Several missions have already been accomplished with the UCAP. The experimental results presented hereafter are the outcome of field trials to evaluate the performances of the vehicle and of its controllers while performing two basic maneuvers.
A. Line-following
A mission composed of four waypoints was designed. The lines to be followed by the UCAP are the segments between consecutive waypoints. Surge was set to 1 m s −1 and was estimated directly from GPS measurements, which naturally introduces errors as currents, wind and waves effects are not considered. However, assuming that the impact of such disturbances are small compared to the opposite forces and moments induced by the vehicle motion make it possible to neglect these effects for control purposes. The UCAP trajectory and the waypoints are depicted in Fig. 3 . Over the operation, the vehicle was subjected to natural disturbances that impacted on the trajectory and on the cross-track error as it can be seen from Fig. 4 , where it is noticeable that the first leg (up to t = 139s) suffered a slightly greater cross-track error (in mean). Fig. 4 demonstrates that the vehicle is able to track the line with an error under 2m with peaks slightly over 2 m when it changes from one line to another. These peaks are preceded by discontinuities that happen precisely when there is a line change (when the waypoint is reached). The cross-track error appear to be positive on leg A and negative on leg B, after reaching steady state. The main cause of these errors are the disturbances, whose main contribution is given by the wind, which was observed to be predominantly from the south-west quadrant. The velocity derived from GPS measurements over the mission is shown in Fig. 5 , demonstrating that the vehicle was able to track the velocity reference. Power consumption is presented in Fig. 6 , showing that the UCAP requires an average power of approximately 150 W to navigate at 1 m s −1 . Fig. 7 depicts the vehicle attitude. Oscillation on roll and pitch are mainly caused by disturbances (mainly small waves), which appear to be more significant from t = 150s on.
B. Target-tracking
In order to evaluate the target-tracking guidance law performances, a path was set for a virtual reference (target) to follow. The path is derived from a cubic spline, on which the virtual reference slides. It should be noted that the evolution of the reference over the spline is dictated by the proximity of the vehicle, that is the distance between the vehicle and the reference. Therefore, unlike typical trajectory-tracking problems, the evolution of the reference position depends on the vehicle position. The reference path and the vehicle trajectory are depicted in Fig. 8 . The reference and real trajectories appear to be very close, with an expected error in the longitudinal axis. Recall that the vehicle is expected to keep a non-null distance from the target, which was set to δ = 3m. The tracking distance was kept between 2 and 3.5m, with the offset to the desired distance being caused mainly by disturbances and modelling errors.
VI. CONCLUSIONS
The UCAP was designed to perform rescue mission at sea. The system was thought as an assembly of several modules, including power pack, electronics (computational system and sensors) and actuation. Control and guidance laws were derived and implemented in the on-board computer, enabling the UCAP to follow lines and track a dynamic target. Field trials were conducted and the results demonstrated the vehicle's capabilities and precision in positioning.
